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ABSTRACT
We explore the observational implications of a large systematic study of high-resolution three
dimensional simulations of radio galaxies driven by supersonic jets. For this fiducial study, we
employ non-relativistic hydrodynamic adiabatic flows from nozzles into a constant pressure-
matched environment. Synchrotron emissivity is approximated via the thermal pressure of
injected material. We find that the morphological classification of a simulated radio galaxy de-
pends significantly on several factors with increasing distance (i.e. decreasing observed reso-
lution) and decreasing orientation often causing re-classification from FR II (limb-brightened)
to FR I (limb-darkened) type. We introduce the Lobe or Limb Brightening Index (LBI) to mea-
sure the radio lobe type more precisely. The jet density also has an influence as expected with
lower density leading to broader and bridged lobe morphologies as well as brighter radio jets.
Hence, relating observed source type to the intrinsic jet dynamics is not straightforward. Pre-
cession of the jet direction may also be responsible for wide relaxed sources with lower LBI
and FR class as well as for X-shaped and double-double structures. Helical structures are not
generated because the precession is usually too slow. We conclude that distant radio galax-
ies could appear systematically more limb-darkened due to merger-related re-direction and
precession as well as due to the resolution limitation.
Key words: hydrodynamics – galaxies: active – galaxies: jets – radio continuum: galaxies
1 INTRODUCTION
Radio galaxies have long been known to be powered by twin jets
which inflate the radio lobes and create giant cavities in the am-
bient medium (Blandford & Rees 1974; Scheuer 1974). The jets
have taken on increased importance as we begin to understand their
feedback role on galaxy formation through the conveyance of mo-
mentum and energy from Active Galactic Nuclei into the cluster gas
(Fabian 2012; Hardcastle et al. 2019). However, the origin, contents
and dynamics of the jets remain issues of debate and approach. The
resulting uncertainty in interpretation of their structure, classifica-
tion and evolution prohibits their employment as diagnostic tools
for both the nature of the driving source and their overall cosmolog-
ical evolution (Smith 2012). Indeed, if seen as analogous to smoke
out of a fired gun, we may not find them very useful as standard
candles or otherwise.
One approach is to perform simulations and then derive syn-
thetic images to compare to observations. However, to be able to
relate intrinsic dynamical properties to the diverse shapes of radio
galaxies requires a large systematic exploration rather than one-off
comparisons. In this programme, we have sought to achieve this
by first generating systematically a large set of simulations using
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three dimensional hydrodynamics (see Paper 1: Donohoe & Smith
2016). We continue now by deriving the observational properties,
covering a range in Mach number, density contrast and precession
properties.
In particular, radio galaxies generated by jets within a wide
precession cone would extend the reach of feedback into the intr-
acluster medium. This may help spread support of the gas across
an entire cooling-flow (Riffel et al. 2019) and also inhibit galaxy
growth, two major issues recently summarised by Hardcastle et al.
(2019). Precession may prove to be a prominent factor in distant ra-
dio galaxies as they form in proto-clusters. Therefore, we concen-
trate on the effects of precession and the influence this may have on
their apparent morphological classification.
Synthetic radio images were first derived by Smith et al.
(1985) from a single 2D simulation. The study exposed a strongly
time-varying structure for the hotspot. The emissivity was taken to
be a function of the thermal pressure as also assumed by Hardcastle
& Krause (2013), employing constant energy partition conditions.
Others have taken similar approaches to generate synthetic images
from hydrodynamical simulations Matthews & Scheuer (1990);
Sutherland & Bicknell (2007); Nawaz et al. (2016). Radio images
have also been presented more rigorously by Tingay et al. (2008)
and Hardcastle & Krause (2014) where three dimensional simula-
tions with a magnetic field were analysed. These simulations ex-
plored the dependence on the ambient density profile and demon-
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strated that the total radio flux will essentially level off (English
et al. 2016). This is due to the emission being dominated by high
pressure warm regions of constant volume through which jet ma-
terial is advected at a constant rate. In addition, the difficulty in
working from the total luminosity of a radio galaxy to extract the
injected jet power was emphasised with orders of magnitude vari-
ation. Given these findings, we search here for systematic relation-
ships.
The well-known dichotomy between limb-brightened (FR II)
and limb-darkened (FR I) sources (Fanaroff & Riley 1974) has
remained. Responsibility has been placed on the environment
through the influence on the jet Mach number (Bicknell 1985) and
the ability to disrupt at a galactic halo transition (Smith 1982).
Others have accused (1) the accretion rate since it controls the
jet power and penetration (Mu¨ller et al. 2004), (2) the black hole
spin which triggers a magnetic switch (Meier 1999) and (3) hydro-
dynamic or magnetohydrodynamic instabilities that disturb the jet
(e.g. Tchekhovskoy & Bromberg 2016). In theory, the jet power
could well be the decisive factor but three dimensional simulations
are necessary to permit turbulent structures to cascade correctly
(Massaglia et al. 2016). However, observationally, a radio source
produced by a low power jet can be either edge brightened or edge
darkened (Capetti et al. 2017), leaving us in a quandary.
The degree of limb-darkening or limb-brightening can be pa-
rameterised by taking the ratio of the separation between bright-
ness maxima (hotspots) to the total source extent or by calculating
one-dimensional moments along the major axis (Burn & Conway
1976). An associated issue surrounds the precise hotspot location in
the FR IIs. The brightest spot appears very close to the edge in more
sources than would be expected given that projection effects should
relocate it when the jet is not in the plane of the sky (Jones 1990). In
any case, there is considerable freedom to choose a suitable strat-
egy for measuring both the hotspot and lobe length for sources with
diverse structure and resolution (Antognini et al. 2012).
A third controversy surrounds the energy distribution and
pressure balance between the lobes and the ambient medium. Hard-
castle & Worrall (2000) analysed 63 FR II radio galaxies embedded
in the X-ray radiating gas of galaxy clusters and concluded that
measured pressures internal to the lobes are a factor of a few lower
than in the surrounding gas. However, Ineson et al. (2017) have now
found that the pressures of FR II radio lobes are typically electron
dominated by a small factor and are over-pressured relative to the
ambient medium in their outer parts. This implies that there is no
need for an energetically significant proton population in the lobes
of FR II radio galaxies (unlike for FR Is).
A fourth issue concerns the relevancy of self-similar solutions.
In general, the re-expansion of gas flowing from the hotspot into the
lobe brings the pressure back down to that of the ambient medium,
probably to the extent that self-similar solutions are not applica-
ble (Hardcastle & Krause 2013). However, for jets with extremely
low densities, the picture changes because the lobe forms a broad
protective cocoon around the jet. The higher pressure then acts to
squeeze the jet as well as generate a somewhat over-pressured lobe
(Donohoe & Smith 2016).
It should also be remarked that a further class of compact radio
source has been identified. The FR0˙s have a deficit of extended ra-
dio emission (Baldi et al. 2015) and have been interpreted as driven
by low-speed jets from black holes of low spin.
Asymmetries across the lobes are not surprising given the
host-galaxy motion through an intracluster medium although rel-
ativistic motions may also contribute. The manifestations of time-
varying jets as X-shaped and double-doubles can be also associ-
Figure 1. The three emissivity-pressure power-law relationships utilised in
this work for the synchrotron radiation at a specific frequency. Lower in-
dices allow lower surface brightness regions to be highlighted whereas the
opposite is true when a higher index is employed. The three values are cho-
sen to correspond to (negative) spectral indices α of 0.7, 1.0 and 1.3.
ated with merger-related accretion or binary black-hole interactions
(e.g. Ekers et al. 1978; Machalski et al. 2016).
The relationship between radio power and jet power has
emerged as an important quantity (Bıˆrzan et al. 2004). This is crit-
ical to the understanding of momentum and energy feedback from
the supermassive black hole to the galaxy, to determine if galaxy
construction can be regulated. Knowledge of the jet power, also
termed beam power, would help constrain the driving black hole
properties. By extrapolating to conditions at high redshift, radio
galaxies may well provide diagnostic tools for conditions during
the development of cluster scale structure. The key parameter that
we can test is Q, the ratio of jet power to total radio luminosity. In
fact. only a small fraction of jet power is converted into radio power
with Q as high as 100 at low radio powers (Cavagnolo et al. 2010;
Daly et al. 2012). Furthermore, Godfrey & Shabala (2016) find that
in previously used samples of high-power sources, no evidence for
an intrinsic correlation is present when the effect of distance is ac-
counted for.
The rather surprising conclusion is that radio luminosity is not
a good measure of jet power or the manner in which jet power is de-
duced is very convoluted and subject to large error propagation (e.g.
Antognini et al. 2012). In order to support the intergalactic medium,
heating due to adiabatic expansion of the lobes is too small to off-
set radiative cooling by a factor of at least six. In contrast, the jet
power estimates are an order of magnitude larger than would be
required to counteract cooling. If this is correct, then heating must
be primarily due to another mechanism, possibly through the trans-
mission of precession-triggered sound waves. In Paper 1, we indeed
found that the injected jet energy is about ten times higher than con-
tained in the lobes with, instead, the energy efficiently transferred
into thermal form in the ambient medium.
In this paper, we analyse the observable evolution of a radio
galaxy as a function of density contrast, Mach number and preces-
sion angle. We are motivated by the issues raised above: the rela-
tionship between emission properties and the underlying physics
and dynamics. We shall show, however, that source morphology
depends on both orientation and resolution. Distant radio galaxies
may thus be classified differently to nearby sources.
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(a) α = 0.7 (b) α = 1.0 (c) α = 1.3
(d) α = 0.7 (e) α = 1.0 (f) α = 1.3
Figure 2. Straight jet with 1◦ precession. Dependence on radio power-law index and dynamic range. Simulated synchrotron emission from a (perturbed)
straight jet simulation with jet-ambient density ratio of 0.1 and Mach number of 6 (sim. code zda). Both rows show the dependence on the radio spectral index
α and the pressure power law index utilised which corresponds to η = 2.4 (left), 3.0 (middle) and 3.6 (right). The upper row holds the signal range limits to
100 and the lower row holds it to 1,000. The jet axis is in the plane of the sky.
2 METHOD
2.1 Parameters for the ambient medium
We take a uniform ambient medium of temperature T = 3×107 K,
corresponding to 2.575 keV, with a hydrogen nuclei density of
n = 4 × 10−4 cm−3 (Giant Radio Galaxy) or 6 × 10−3 cm−3
(Dense Cluster Environment). Whereas the Giant source covers
750 kpc, for the Dense Cluster Environment we take a 5 kpc radius
jet propagating across a grid of size 150 kpc. These parameters pro-
vide an ambient thermal pressures of 4− 60× 10−12 dyne cm−2 ,
covering the range expected including that corresponding to dense
Abell clusters (Go´mez et al. 1997). The simulations were per-
formed on grids of 1503 and 1503; further details can be found
here in 1 and Paper 1.
2.2 Parameters for the jet
We are limited here by the input physics: non-relativistic hydro-
dynamics. We do this in order to explore ranges in the dynamics
in full three-dimensions with a reasonable resolution. Relativistic
motions would also require the synthetic images to be calculated
during the simulation to avoid an excess of data storage.
MNRAS 000, 1–19 (2019)
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(a) α = 0.7 (b) α = 1.0 (c) α = 1.3
(d) α = 0.7 (e) α = 1.0 (f) α = 1.3
Figure 3. Wide angle precession. Simulated synchrotron emission resulting from a radio galaxy driven by a jet with a 20◦precession angle. Other parameters
are identical to those of Fig. 2 with the radio spectral index α low (left panels) and steep (right panels), and the dynamic range 100 (top panels) and 1,000
(lower panels).
An analysis of the energy balance on the kiloparsec scale re-
veals that sub-relativistic jet speeds of the order of 10,000 km s−1
may be consistent with FR I jets (Laing et al. 1999). But mildly
relativistic speeds are appropriate for FR II jets on the same kilo-
parsec scale (Meyer et al. 2011) with the possible existence of a
two-velocity structure with a fast spine and a lower speed sheath
(Giovannini et al. 2001). Estimates derived from the jet-counterjet
asymmetry indicate a range 0.2c 0.7c (Laing et al. 1999; Wardle &
Aaron 1997; Jetha et al. 2006; Snios et al. 2018). However, there is
still no direct evidence on the kiloparsec scale.
Here, we opt to fix the jet Mach number with the justification
that this non-dimensionless parameter, along with density and pres-
sure ratios, is responsible for the major differences between adia-
batic jet flows (Norman et al. 1983). The injection speed is then
determined by the density ratio while the jet injection pressure is
equated to the ambient value. This means that the jet speed rises as
the jet-ambient density ratio falls, with speeds in units of the am-
bient sound speed. However, the hotspot advance speed should be
roughly constant since the momentum flow rate is independent of
the density. In practice, this is not quite true with certain configura-
tions more streamlined than others and able to penetrate faster (see
Paper 1 for the details). Table 1 lists the simulation parameters and
conditions that we have investigated in detail.
2.3 Synchrotron emission
To generate the images shown in all the figures below, we employ
the usual convention for the power-law approximation across the
radio. We define the spectral index α through Fν ∝ ν−α.
The synchrotron emissivity is taken to be a function of the
MNRAS 000, 1–19 (2019)
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thermal pressure, p, as assumed by Smith et al. (1985) and Hard-
castle & Krause (2013), employing constant energy partition con-
ditions to justify taking an emissivity proportional to p1.8. Nawaz
et al. (2016) employ p(3+α)/2 where α is the synchrotron power-
law spectral index as suggested by Sutherland & Bicknell (2007).
These provide convenient approximations (Matthews & Scheuer
1990).
We will assume optically thin emission in the radio from the
synchrotron process. It is generated by relativistic electrons accel-
erated in internal and termination shocks and passively advected
without significant radiative energy loss. In the present study, we
also assume that the population of relativistic electrons possesses a
power-law energy distribution. The number density, N , is given by
dN
dE
= K · E−η = N(η − 1) · Emin ·
[
E
Emin
]−η
, (1)
between energies Emin and Emax with Emin << Emax and the
index η exceeding unity.
We now make the simplification that each electron, instead
of generating radiation over a wide frequency range, radiates at a
frequency around νc = fE2B where f is a constant. In addition,
each electron radiates a power of P (E,B) = aE2B2 , where a is
a constant.
We can calculate the emissivity F and the flux density Fν at
any specified frequency through
F = a · f
(η−1)/2
2 · (η − 1) ·N ·B
1
2 ·(η+1)
∫
Eη−1minν
1
2 ·(1−η)dν, (2)
where the critical integration limits are given by B and chosen
Emin and Emax. Note that the (traditionally negative) spectral in-
dex is given by α = 12 (η− 1), implying that most flux is produced
at the highest energies only if α is less than unity. For the vast range
of radio galaxies, α is spread throughout the range 0.6 to 1.5, which
corresponds to 2.2 < η < 4.0 (Miley & De Breuck 2008; Bor-
nancini et al. 2010). Steeper spectrum sources appear to be related
to denser cluster environments, and are highly relevant to find and
model distant powerful radio galaxies(Miley & De Breuck 2008).
Various assumptions and approximations can now be applied.
In hydrodynamic simulations, we make a best guess as to how the
presumed advected trace magnetic field should depend on the den-
sity and pressure. Flux freezing with volumetric changes in three
dimensions yields B ∝ ρ2/3. On assuming Emin and Emax are
constants over the entire radio lobe (often made to estimate a radio
luminosity from an observed flux density), then Fν ∝ NB 12 ·(η+1).
This yields Fν ∝ ρ 13 ·(η+4).
However, particle acceleration and magnetic field amplifica-
tion at shock fronts, in addition to contributions from turbulent dif-
fusion and across shear layers, are significant. This is partly taken
into account in simulations by converting the dependence from den-
sity to the thermal pressure (Smith et al. 1985; Hardcastle & Krause
2014). Assuming a dominant thermal pressure (as the case in these
simulations), yields Fν ∝ p 15 (η+4).
An alternative is to make the adiabatic assumption for the
relativistic electrons such that Emin ∝ p1/3 and then to take
the magnetic pressure proportional to the relativistic pressure,
as would be consistent with equipartition arguments. This yields
Fν ∝ N · Eη−1min · B
1
2 ·(η+1) ∝ p 35 p 13 ·(η−1)p 15 ·(η+1). Therefore
Fν ∝ p( 715+ 815 ·η).
The shape of the relativistic electron distribution function may
well depend on the redshift, size and luminosity of the radio galaxy
for reasons related to those discussed above. On large scales, a truly
flat spectrum with η < 2 is not found. Hence, we test below three
values for η: 2.4, 3.0, and 3.6. These values correspond to a gentle
slope, a moderate slope and a steep slope. The relative values are
shown in Fig. 1 and the important effect on the appearance of the
diffuse lobes is demonstrated in Fig. 2.
2.4 Precession
The changing of the jet direction is implemented through a smooth
precession. The precession is calculated in the same way as covered
in Donohoe & Smith (2016) by adding in a periodic function of
the global time into the velocity components of the jet input. As
seen from Donohoe & Smith (2016), the precession spreads the
jet energy perpendicular to the propagation axis. There is also a
significant increase in the number of secondary shocks generated as
the precessing jet catches up to the previous shock impact region.
With these points outlined, we suspect that the radio emission is not
only going to be focused at the head of the jet but will also highlight
regions along the jet.
2.5 Classification: the Limb Brightening Index (LB Index)
To round off this work, we introduce a classification scheme based
on the Fanaroff-Riley types in order to highlight how the start-
ing parameters (density, Mach number, precession angle, preces-
sion rate) influence the observable properties as the radio galaxy
evolves. To classify a radio galaxy, we take the following steps. We
assume that the radio galaxy is twin-lobed and is powered by sym-
metrical opposing jet and counter-jet. The classification is deter-
mined after applying a Gaussian blur to the flattened image, which
has a lower end emission cut at 5% of the maximum emission for
the specific time step (after the smoothing). The distance to the
maximum emission and the maximum expansion is then obtained
from the image giving us the Lobe/Limb Brightening Index. This
may also be appropriately termed a Linear Brightness Index.
The ’LB Index’ system is applied here with the range lying
between 0 and 1. It is the ratio of source length to the hot-spot to
the entire length of the lobe. To summarise, any value that is less
than 0.5 corresponds to a hotspot closer to the core, whereas values
exceeding 0.5 will have the hotspot closer to the edge of the radio
source. Note that in the graphs, none of the initial shock time steps
have been omitted. The plots also generally reflect the jet evolution:
the majority travelling in a predictable spline as it evolves.
3 RESULTS FOR RADIO EMISSION
3.1 Synchrotron radio maps
Here we analyse the influence of density, precession and the Mach
number on the radio surface brightness. The simulations covered in
this paper are listed in Table 1 in the Appendix. Using the emission
power-law indices as outlined in Sub-section 2.3, the intensity maps
for each of the runs have been created. These are integrated line of
sight emission with the jet axis at various angles to the plane of the
sky. Each simulation has been analysed at multiple viewing angles,
from the first at 0◦, to 10◦, 30◦, 50◦, 70◦ and 90◦, in which the jet,
respectively, is propagating closer to the observer’s line of sight till
the jet is propagating directly towards the observer. In addition to
this, a Gaussian blur can be added to the emission map, emulating
different resolutions or redshifts. This enables us to systematically
MNRAS 000, 1–19 (2019)
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(a) 1◦ (b) 10◦ (c)20◦
Figure 4. The precession angle: integrated line of sight synchrotron emission. Each simulation has the same condition apart from the precession angle, θ,
employed; 1◦, 10◦and 20◦from left to right. The row locks the brightness range as 1,000. The radio spectral index is set to 1.0.
(a) ρj/ρa = 0.1 (b) ρj/ρa = 0.01 (c) ρj/ρa = 0.001 (d) ρj/ρa = 0.0001
(e) ρj/ρa = 0.1 (f) ρj/ρa = 0.01 (g) ρj/ρa = 0.001 (h) ρj/ρa = 0.0001
Figure 5. The density ratio. The synthetic synchrotron emission maps as a function of the jet-ambient density ratio, ρj/ρa. Each simulation has the same
conditions except the density ratio: 0.1, 0.01, 0.001 and 0.0001, from left to right. The first row locks the flux range to within 100 and the second row locks it
to 1,000 to highlight lobe emission.
MNRAS 000, 1–19 (2019)
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investigate the effect of distance on the detectable structure.The ra-
dio galaxy produced by the straight jet (1◦precession) in Fig. 2 is
dominated by the hotspot with a weak and narrow cocoon of emis-
sion at the 1% level. The six images demonstrate that a combina-
tion of a shallow/flat spectrum and a high dynamic range would be
necessary to measure the trail of emission extending back to the
nozzle.
The opening angle as given by the perpendicular width of the
hotspot is ∼ 3.0◦for the compact bright spot or 6.0◦for the full lat-
eral extent, wider than the superimposed 1◦precession. The cocoon
contains both fine-scale structure and large-scale turbulence which
leads to an asymmetric brightness distribution.
In contrast, the wide precessing jets displayed in Figs. 3 and 4
generate multiple hotspots. These can appear as two compact sub-
spots, one moderately compact following spot and one weak diffuse
region. The bright sub-spots are most obvious when a steep radio
spectral index is employed (the right panels). On the other hand, as
expected, the diffuse bridge is evident for the flatter spectrum with
a high dynamic range (left and lower panels). The jet also excites
a broad channel with a significant hotpot of its own just behind
the main impact hotspot. This is associated with feedback from the
main impact which results in jet compression and partial disruption
before the termination shock.
Relic lobes are produced in Fig. 3. The lack of a hotspot in the
lobes towards the top of the displayed images suggests these could
not be interpreted as X-shaped or double-double sources.
The wide precessing jet would clearly also be classified as
FR II as illustrated across the panels of Fig. 4. One difference is
that the jet itself is detectable being very distinct in the high dy-
namic range maps. The higher pressure within the jets is caused by
the gradual bending of the supersonic flow which generates internal
compression waves and weak oblique shocks.
The dependence on the density ratio is probed in Fig. 5. Again,
two maps have been supplied for each density ratio. The differences
between the two radio maps is the limits that are used to highlight
the hotspot or the cocoon material. For these straight jets, there
is no great difference in the maximum surface brightness. This is
partly because the Mach number is held constant so that the lower
density jets have a correspondingly higher speed and, hence, the
same momentum flow rate.
A broader lobe is generated as the density ratio is reduced as
expected from the analysis of Paper 1. It should be noted that in
three dimensions, the forced symmetry is broken and the cocoon
does not expand transversely in the same manner as the two dimen-
sional equivalent.
There is a remarkable transition in the visible jet structure at
density ratios lower than 0.001. The channel itself can be clearly
traced in the very low density ratio simulation on the right with
a string of oblique shocks. Here, the wider cocoon protects the
jet, keeping the pressure high. This squeezes the jet which con-
sequently maintains a convergent-divergent configuration along its
entire length. This can be considered as a potential diagnostic for
jet density.
The jet precession rate can be expected to be a major influence.
This is seen from the precession equations for the transverse speed
components
vy = vjet · sin(θ) · sin(ωl · t)
(3)
vz = vjet · sin(θ) · cos(ωl · t),
where ωl determines the angular frequency of precession.
Faster precession has a significant effect on the radio lobe
structure as shown in Fig. 6 where the last two columns correspond
to precession rates of 2 · ωl & 4 · ωl, respectively. Here, ωl corre-
sponds to a period of two time units or 58.9 Myr for a giant radio
galaxy. The result is that the helical dynamics becomes apparent
in the radio structure of the inner lobes. In addition, the hotspot
surface brightness falls as the visible lobe enlarges. The hotspot lo-
cation also changes even in these projections where the jet rotates
around an axis in the plane-of-sky.
3.2 Viewing angles
There is very little information concerning the orientation of an ob-
served radio galaxy that can be derived from the synchrotron emis-
sion and its distribution. However, simulations can help connect
the orientation to the structure to some extent. Each simulation at
each time step then yields a diverse range of possible structures as a
source is rotated. This is particularly true for wide precessing flows,
as now discussed.
The influence of the orientation of the jet axis for the 20◦ run
is shown in Fig. 7. In this case, a pronounced dog-leg in one lobe or
Z-shaped structure (across two lobes with point symmetry) is ap-
parent at intermediate angles reminiscent of the giant radio galaxy
NGC 315 (Bridle et al. 1976). Although the simulation can gener-
ate double-lobed structures with inner and outer sets of lobes, it is
clear that the outer lobes do not leave a trail or bridge away from
the origin but connect to the inner hotspot instead. We thus exclude
this particular model for X-shaped sources but favour it for Z and
S-shaped varieties, consistent with recent observations and their in-
terpretation (Saripalli & Roberts 2018).
The viewing angle can also be changed by rotating the radio
source about the jet axis, keeping the axis fixed in the sky plane,
as shown in Fig. 8. This figure demonstrates how a Z-shaped edge-
darkened source at one angle (a) can appear as an S-shaped edge-
darkened source when rotated by 90 degrees, as shown in (c). This
raises serious questions about how to classify radio galaxies.
3.3 The LB Index as a source evolves
We determine the position of maximum intensity, the maximum
lobe size and, hence, the LB Index by passing the maps for syn-
chrotron emission through an IDL script. The maps are derived
from the 3D data cubes, stored at time steps of 0.4 in simulation
units. These are the time steps plotted in the following figures.
The Index evolution is shown in Fig 9 for each of the four
jet-ambient density ratios (models denoted zda to zdm, all 3003).
For these straight jets which propagate with little hinderance, we
obtain straightforward results. We show this in the top two panels
of Fig. 10 where we plot separately the location of the peak surface
brightness and the total source length against the LB Index.
Fig 9 displays smooth evolutionary tracks for the lobes of ra-
dio galaxies with one major exception. For the lowest jet-ambient
density ratio, the radio galaxy can switch between FR I and FR II,
corresponding to an LB Index of 0.5 (the dotted horizontal line).
This is caused by the significant variations in jet brightening at
these low densities due to induced pressure variations from the in-
teraction with the hot high-pressure lobe. Thus at very low jet den-
sities there is a distinct LB Index regime between 0.1 and 0.2 which
persists until finally disappearing as the jet approached the end of
the grid and the feedback weakens.
Apart from this exception, for jets that have little to no pre-
cession, the hotspot is located at the leading edge of the jet. So the
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(a) (b) (c)
(d) (e) (f)
Figure 6. Rate of precession. Three simulations that show how the rate of precession, ω, is affecting the structure of the jet and cocoon system. All three
have a precession angle of 20◦, with (b) having a precession rate 2x and (c) having a precession rate 4x that of the slow precession model in (a).
recorded distances will then be consistently increasing with time.
The LB Index gradually increases as both the length to the hotspot
(Panel a) and total lobe length (Panel b) increase with the switch
from FR I to FR II occurring after just ∼ 70 of the 300 zones.
The lengths of the lobes are almost identical after the initial
settling period. This is because we maintain jet-ambient pressure
equilibrium while the jet density is varied. This means that the jet
sound speed increases as the density decreases, which, since the
Mach number is held constant, raises the jet speed in proportion.
Hence, the momentum flow rate is constant and hence, provided
the jet opening and aerodynamic drag are similar, the propagation
speed is approximately constant.
The simulated luminosities are, however, very different. The
hotspot and total luminosities are displayed in Panel (c) and Panel
(d). First, it is clear that, while the momentum flow rate is fixed,
the beam power increases proportional to the jet speed. Therefore
the power is inversely proportional to the square root of the input
jet density. The simulated total radio emission, quite surprisingly
at first, also increases with density in the same manner. However,
the total luminosity does not increase with time for each run. Even
though the radio power is derived by summing the squares of the
pressure in each cell, beam power and radio power are roughly pro-
portional. Therefore, in these FR II types, the luminosity is domi-
nated by the high brightness region and the material accumulated
in the diffuse lobe contributes little to the total. There is a small ten-
dency for the radio power to diminish with time probably related to
the gradual fall in maximum pressure as the jet propagates further
into the growing radio lobe and expands somewhat.
The region which generates the extra emission in the lower
density runs is related to the lobe extent. As the input density of
the jet is reduced, there is an increase in the width of the base of
the cocoon where the galaxy is located (note the reflective bound-
ary). This larger cocoon is highlighted in Fig. 5, and results in
a higher total emission and broader distribution. This is further
demonstrated in Fig. 11 which also illustrates how a distant radio
galaxy could be re-classified as an FR I due to the lower resolution
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(a) 0◦ (b) 10◦ (c) 30◦
(d) 50◦ (e) 70◦ (f) 90◦
Figure 7. Variation with increasing angle out of the sky plane. Simulated radio maps derived from integrated line of sight synchrotron emission. The angle
indicated is relative to the sky plane: 0◦, 10◦, 30◦, 50◦, 70◦ & 90◦ (a) to (f) respectively. The maps are derived by rotating the cube of data about the centre
which, for this example, keeps the emission on the square detector displayed. The run with 20◦ (denoted zdg) is taken.
(lower panels) as compared to the high resolution images in the top
row.
Of further interest from this density analysis is that the max-
imum emission converges with time as the LB Index increases.
Panel (c) of Fig. 10 predicts that the hotspot flux itself is purely
dependent on the pressure as given by the jet momentum flow rate
per unit area and that the volume occupied by the gas generating
the hotspot is roughly constant. Therefore, care has to be applied
when employing total emission of a distant radio galaxy that suffi-
ciently sensitive measurements have been made to include the en-
tire lobe. Nevertheless, a moderate increase in surface brightness of
the hotspot as the jet density decreases is predicted.
The precession angle has a significant effect on the evolution-
ary tracks, as shown in Fig. 12. Panels (a) and (b) demonstrate that
the length indicators, as well as the LB Index, reverse in value
once the precession has significantly spread the beam momentum.
In fact, the brightest region becomes associated with the location
where the jet is impacting upon itself. Rather than advancing, the
hotspot recedes and the LB Index may even fall below 0.5 for the
highest precession angle.
The LB Index is very sensitive to the angle of the axis to the
plane of the sky. This can be seen qualitatively in the radio emission
tiles in Fig. 7. Fig. 13 shows the breakdown of the emission proper-
ties. It is notable that the LB Index can take values as low as 0.2 for
angles within 40◦of the line of sight. Note also that the variation in
radio brightness and power remains within narrow bands. They are
indeed influenced by the intrinsic three dimensional nature of the
hotspot and the 5% cut-off imposed as the detection limit.
To this point, the greatest effect on the LB Index is the pre-
cession angle. The next step is to study how the rate of precession
changes this, as was illustrated in the images of Fig. 6. Increas-
ing the rate of precession causes the LB Index to become highly
variable as shown in Fig. 14 (a) & (b). The classification is not pre-
dictable although lying in the range 0.4 – 0.8. The hotspot bright-
ness can also vary considerably for high precession rates with a
trend for a brighter hotspot when it is located nearer the source.
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(a) 0◦ (b) 45◦
(c) 90◦ (d) 90◦
Figure 8. Rotation: viewing at different angles of the same intrinsic lobe with the jet axis in the sky plane. Simulated radio maps derived from integrated
line of sight synchrotron emission. The angle indicated is the jet rotation angle about the axis: 0◦, 45◦, 90◦, (a) to (c), respectively. The run with 20◦ (denoted
zdg) is taken
However, the total emission, as seen from Fig. 14(d), is quite uni-
form during the evolution on noting the narrow range in values in
this panel.
The appearance of a remote radio galaxy of the same size can
be simulated by smoothing the images. We add a Gaussian blur
to the calculated emission maps. This compensates for the lower
spatial resolution while maintaining the same angular resolution
but with no account taken for the lower received flux. Moreover, a
Gaussian blur does not take into consideration the interferometric
constraints on short and long baseline spacings.
In Fig. 15, we have added Gaussian smoothing to the emis-
sion for the standard run of a Mach 6 straight jet (zda) with the
indicated standard deviation and kernal sizes. The first result is
that the LB Index is reduced typically by a factor of 0.2, an ef-
fect which can transform the FR type in the early expansion phase.
The hotspot distance is reduced but the source size is unchanged.
The peak emission is significantly reduced by the smoothing, as ex-
pected. In turn, this raises the total emission somewhat because the
dynamic range has been held constant, allowing regions of diffuse
emission to now contribute.
Fig. 16 displays the same results for the wide precessing jet de-
rived from tun zdg. This demonstrates the large reductions possible
in the LB Index and potential switch in FR type. Large variations
in source dimensions also occur as shown in Panels (a) and (b).
The peak emission shown in panel (c) displays a more systematic
trend, which indicates that the smoothing alters the classification
for specific times rather than overall.
The dependence on the jet Mach number is one of the most
MNRAS 000, 1–19 (2019)
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LB 
Index
Figure 9. The LBI Index versus time for the four jet-ambient density ratios
running from 0.1 (zda) to 0.0001 (zdo). Here M=6 and a fixed viewing angle
out of the plane of 30◦ is taken.
studied features of extragalactic jets. It is one of the leading expla-
nations of the different type of radio galaxies. Fig. 17 has a side by
side comparison of the increasing Mach number at a precession an-
gle of 1◦ and 20◦. The straight jets simply drill their way through
the ambient medium at all Mach numbers and we find no particular
trend in classification. It should be remarked that the present set of
simulations is restricted in domain size; the development of surface
instabilities requires much longer propagation lengths.
Since all the simulations have the same spatial dimensions of
3003, the faster that the jet propagates, the less time the jet has on
the grid to complete or even start precessing. This is evident from
the first three 20◦ simulations (ee, fe & bg), where the location of
the hotspot and the maximum lobe distance are erratic compared
to their straight jet counterparts. All 20◦ simulations do show some
degree of stunted growth while at higher Mach numbers the prop-
agation speed is starting to overshadow any affect that precession
would add.
4 DISCUSSION
We have presented simulated radio images of radio galaxies formed
through supersonic hydrodynamic jets. Only the synchrotron pro-
cess has been considered without consideration for radiative losses
or particle acceleration. Motivated by the unknown nature of pow-
erful radio galaxies in the distant Universe, we performed straight
and precessing jet simulations. In the era in which galaxies form
and their central black holes interact and merge, we could expect
that the jet direction may be a stronger time variable than at present.
We may also expect relatively high Mach numbers since the de-
tected radio sources are powerful, although this can be debated.
Distant radio galaxies can be found by searching for sources with a
significantly steep radio spectrum (Miley & De Breuck 2008; Sax-
ena et al. 2018) although the reason for this is quite complex (Ker
et al. 2012).
We begun this work by investigating the dependence of the ra-
dio structure on the radio spectral index by probing flux-pressure
relationships which may correspond to values of the spectral index
of 0.7, 1.0 and 1.3. The latter steep index would be associated with
ultra-steep spectra and is used as a tool to discover high redshift
radio galaxies (van Breugel et al. 1999; Roettgering et al. 1997; De
Breuck et al. 2000, 2002). A constant ultra-steep spectrum across a
lobe is shown here to (1) considerably diminish the bridge of emis-
sion trailing back from the hotspot in an FR II and (2) reduce the
detectable area of diffuse emission in FR Is. However, we conclude
that there is a clear influence on the source designation.
To quantify the differences, we introduced a classification in-
dex which is the ratio of the peak emission distance to the total
source size (of a single lobe). Here we refer to this as the LB In-
dex and it is shown in Fig 18 for the slightly perturbed straight jets
with Mach numbers of 6 (left panel) and 2 (middle panel). This fig-
ure clearly demonstrates contrasting structures at all viewing angles
with the M=2 jets almost exclusively in the FR I category (below
the 0.5 line) when not in the sky plane.
The cause of the difference between FR types has been well
discussed in the literature (Miley & De Breuck 2008; Tadhunter
2016). Garofalo & Singh (2019) propose a sequence involving the
FR 0 as an intermediary stage. However, Mingo et al. (2019) find
that, within the large LoTSS survey, radio luminosity does not re-
liably predict the FR type with the host galaxy properties also im-
portant. Jets of low power may still form hotspots in lower mass
hosts.
From this study, the evolutionary sequence from FR I to FR II
is not suggested even though the figures may indicate this. As a
jet enters the grid, it creates a reverse shock in the jet and a broad
bubble. However, this is a temporary low-resolution phenomenon,
associated with the technical side of initiating the run. Hence, the
initial evolution from low to high LB Index must be seen in this
context. On the other hand, we do find evidence for transition from
FR II to FR I in some particular circumstances with both orientation
and resolution as important factors.
When a high precession rate is introduced, less material is di-
verted into a single channel of least resistance. Therefore, there is
some clear change of classification predicted as the head of the jet
shifts position. The index was shown to vary quite erratically for
precessing jets but generally to remain above about 0.4 for stan-
dard runs with a Mach number of 6. However, there are two effects
which will act to reduce the LB Index: the viewing angle and the
rate of precession. Interestingly, slow precession has the greatest in-
fluence in the reduction of the LB Index with fast precession tend-
ing to behave as if the jet has a wide but constant direction (hence
more like an FR II).
Besides direction, jets are likely to vary in power. Consider-
able work has also been expended in switching the jet on an off
throughout its evolution. Some works in this area include that of
O’Neill & Jones (2010); Walg et al. (2014); Clarke & Burns (1991).
This is a mechanism that could be crucial to early-universe radio
galaxies which may experience many mergers of their cores.
The evolution of the structure of Giant Radio Galaxies
(GRGs), with projected linear sizes exceeding 0.7 Mpc, may also be
strongly controlled by intermittancy over periods of order 100 Myr.
They typically exhibit FR II radio morphologies (Subrahmanyan
et al. 1996). and correspond in their properties to scaled-up ver-
sions of the much more common smaller FR II sources. However,
there are numerous examples where a hotspot is well recessed from
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LB Index LB Index
(a) (b)
LB Index LB Index
(c) (d)
Figure 10. Relation of the Limb Brightening Index to the major evolving properties of the straight propagating jets. The four jet-ambient density ratios are
displayed on each panel from 0.1 (plus signs), 0.01 (asterisks), 0.001 (diamonds) to 0.0001 (triangles). The panels show (a) radio hotspot distance from source,
(b) maximum expansion distance from source with a 5% hotspot cut off, (c) maximum emission and (d) total radio emission. The legends also provide the rub
designations which correspond to those of Table 1.
the lobe extremities, cases where the jet appears to have been inter-
mittent as well as recently restarted (Bruni et al. 2019) and the pos-
sibility of being switched off for long periods (Brienza et al. 2016).
One may thus arrive at a combined giant FR II with a newborn FR I
forming inside. These hybrid sources appear similar to some of the
synthetic images uncovered here especially where precession has
occurred as shown in Fig. 6. The relevant time scale to generate
these images for a GRG as described by Donohoe & Smith (2016)
is 290 Myr (for a GRG at 10 simulation time units).
As expected, Mach 2 jets are inherently unstable and so gener-
ate FR I sources unless the jet is both straight and in the plane of the
sky. This is illustrated in the right panel of Fig 18. The turbulent dis-
sipation of energy within low Mach number jets was postulated by
Bicknell (1985) and is clearly relevant to the radio structure of low-
powered radio galaxies. However, it is also established that FR I jets
are intrinsically different in composition: – it is not just a matter of
Mach number (Croston et al. 2018). In addition, the jet speed itself
is a potential factor as discussed fro the compact FR 0 sources by
Baldi et al. (2019),
It is conjectured that mechanical feedback from active galac-
tic nuclei is a key process in the evolution of galaxy clusters (e.g.
McNamara & Nulsen 2012). The transfer of energy can suppress
cooling flows in the gas and consequently stop star formation in the
central galaxies. The energy transferred far exceeds the work done
in creating the space occupied by the lobes because of the global
shock front which expands laterally to several times the lobe width,
consistent with observations (Stawarz et al. 2014). The end result
is that most of the bulk energy of the jet is dissipated as thermal
energy in to the environment (Donohoe & Smith 2016).
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(a) (b)
(c) (d)
Figure 11. Radio images generated from the single very low density simulation (0.0001, denoted zdm) at the two indicated times in (a) and (b). Below these,
in panels (c) and (d), are the Gaussian blurred images that have been used to calculate the corresponding graphs. The jet axis is in the plane of the sky.
5 CONCLUSIONS
A current issue to be faced is how to automatically classify radio
galaxy shapes in large surveys with wide ranges of redshifts and
sizes whilst taking into account .resolution and interferometric sen-
sitivity to structure (Lukic et al. 2019). The simulations analysed
here suppose that the jets associated with distant radio galaxies are
subject to relatively rapid variations as the energy supply and en-
gine alter direction. The LB Index may provide a means of diagnos-
ing radio galaxy structure. However, these simulations confirm that
the interpretation of the intrinsic three dimensional structure will
remain a matter of conjecture given the dependence on viewing an-
gle, precession parameters and resolution. Moreover, a single radio
galaxy simulation can appear in many guises given the wide range
of viewing angles through axis rotation as well as axis orientation.
Therefore caution needs to be taken when applying analytical mod-
els to complete sample of FR II type radio galaxies where their use
as cosmological standard candles has been developed (Turner &
Shabala 2019).
Consider a radio galaxy of the size of Cygnus A which pos-
sesses lobes of length ∼ 60 kpc at a redshift 0f 0.056. We move it
to a distance corresponding to z ∼ 1.6 where the angular diame-
ter distance is a minimum for standard cosmological models. This
would reduce the resolution by a factor of 8, not a factor that would
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Figure 12. The properties of the radio galaxies for three precession angles demonstrating trends with the Limb Brightening Index. The precession opening
angles for runs zba (1◦), zbd (10◦) & zbg (20◦) are shown . The data logged on the y-axis are (a) radio hotspot distance from source, (b) maximum expansion
distance from source, (c) maximum emission and (d) the total radio emission.
alter the morphological classification at high radio frequencies, as
confirmed by the results here.
However, we have found that significant morphological
changes occur when an image is smoothed by a factor of about ten
as well illustrated in the top panels of Fig. 15. Remarkably, further
smoothing does not have any additional effect: once the lobe emis-
sion has overtaken the hotspot emission, further smoothing will not
significantly alter the classification.
We have found that the total radio luminosity (the integrated
flux in a waveband) of a simulated lobe of a radio galaxy is a very
weak function of both the source age and size. This can be clearly
explained by first inspecting Panel (d) of Fig. 10. Note the narrow
luminosity range of this and the other panel (d) plots. This figure
corresponds to the straight jet which drives a hotspot ahead of it
with a fixed size and flux. Therefore, if the bright hotspots in other
simulations also dominate the integrated flux, then we may only
expect mild increases as the diffuse lobe inflates or even mild de-
creases as a hotspot pressure is reduced due to rapid precession..
This is an interesting result, consistent with the fact that the jet
kinetic power is mainly transferred into the ambient medium via
shocks and compression as shown in Paper 1.
Relativistic flows are generally expected to yield similar flow
patterns. The hydrodynamic equations can be rewritten in a similar
form and the Mach number must be appropriately redefined (Smith
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Figure 13. Effects of the viewing angle on the four major diagnostics for the 20◦precessing jet. The indicated viewing angles are those between the jet axis
and the plane of the sky. So 0◦is perpendicular to the observer and 90◦would be propagating to the observer. Panel (a) radio hotspot distance from source, (b)
maximum expansion distance from source, (c) maximum emission and (d) total radio emission with 5% hotspot cut off.
& Norman 1981) . The effective specific heat ratio is complex un-
less the gas is ultra-relativistic. In addition, the jet-ambient den-
sity ratio could be extremely low, creating wide lobes and cavities.
However, the resulting radio maps may well display unique fea-
tures due to the light travel time across the lobe: the rear of the lobe
contributing features from an earlier time. This has a general ten-
dency to rotate the cube of data away from the line of sight which
may increase the limb brightening of an approaching lobe (Eichler
& Smith 1983) while acting to limb-darken a receding lobe. This
does not take into account how the source structure has evolved in
the meantime and so makes the relativistic version of this research
of importance.
We conclude that very distant radio galaxies could appear sys-
tematically more limb-darkened due to merger-related re-direction
and precession as well as due to the sensitivity limitation. How-
ever, resolution itself may not directly influence the classification
since the angular diameter size remains quite constant beyond the
redshift of 1.5.
6 ACKNOWLEDGEMENTS
JD wishes to thank SEPnet for supplying infrastructure funding.
MNRAS 000, 1–19 (2019)
16 M.D. Smith. & J. Donohoe
LB Index LB Index
(a) (b)
LB Index LB Index
(c) (d)
Figure 14. The rate of precession, from the default (zdgs), twice the rate (zdgs 3) and four times the rate (zdgs 4) are displayed which demonstrate the scattered
distributions of the properties and the Limb Brightening Index. Panels display (a) the radio hotspot distance from the source, (b) maximum expansion distance
from source with 5% hotspot cut off, (c) the maximum surface brightness and and (d) the total radio emission. These data were derived from a 3003 run with
an extended staggered grid (run zdgs) to check for boundary issues.
REFERENCES
Antognini J., Bird J., Martini P., 2012, ApJ, 756, 116
Baldi R. D., Capetti A., Giovannini G., 2015, A&A, 576, A38
Baldi R. D., Capetti A., Giovannini G., 2019, MNRAS, 482, 2294
Bicknell G. V., 1985, Proceedings of the Astronomical Society of Australia,
6, 130
Bıˆrzan L., Rafferty D. A., McNamara B. R., Wise M. W., Nulsen P. E. J.,
2004, ApJ, 607, 800
Blandford R. D., Rees M. J., 1974, MNRAS, 169, 395
Bornancini C. G., O’Mill A. L., Gurovich S., Lambas D. G., 2010, MNRAS,
406, 197
Bridle A. H., Davis M. M., Meloy D. A., Fomalont E. B., Strom R. G.,
Willis A. G., 1976, Nature, 262, 179
Brienza M., et al., 2016, A&A, 585, A29
Bruni G., et al., 2019, ApJ, 875, 88
Burn B. J., Conway R. G., 1976, MNRAS, 175, 461
Capetti A., Massaro F., Baldi R. D., 2017, preprint,
(arXiv:1703.03427)
Cavagnolo K. W., McNamara B. R., Nulsen P. E. J., Carilli C. L., Jones C.,
Bıˆrzan L., 2010, ApJ, 720, 1066
Clarke D. A., Burns J. O., 1991, ApJ, 369, 308
Croston J. H., Ineson J., Hardcastle M. J., 2018, MNRAS, 476, 1614
Daly R. A., Sprinkle T. B., O’Dea C. P., Kharb P., Baum S. A., 2012, MN-
RAS, 423, 2498
De Breuck C., van Breugel W., Ro¨ttgering H. J. A., Miley G., 2000, A&AS,
143, 303
De Breuck C., Tang Y., de Bruyn A. G., Ro¨ttgering H., van Breugel W.,
2002, A&A, 394, 59
Donohoe J., Smith M. D., 2016, MNRAS, 458, 558
MNRAS 000, 1–19 (2019)
Classification of distant radio galaxies 17
LB Inex LB Index
(a) (b)
LB Index LB Index
(c) (d)
Figure 15. Effects on classification due to increase in Gaussian smoothing (to simulate redshift) for the straight jet with jet density 0.1 of the ambient density.
The smoothing indices are in simulation units with standard deviation s and kernel k. The panels show (a) radio hotspot distance from source, (b) maximum
expansion distance from source with 5% hotspot cut off, (c) peak radio emission, (d) total radio emission.
Eichler D., Smith M., 1983, Nature, 303, 779
Ekers R. D., Fanti R., Lari C., Parma P., 1978, Nature, 276, 588
English W., Hardcastle M. J., Krause M. G. H., 2016, MNRAS, 461, 2025
Fabian A. C., 2012, ARA&A, 50, 455
Fanaroff B. L., Riley J. M., 1974, MNRAS, 167, 31P
Garofalo D., Singh C. B., 2019, ApJ, 871, 259
Giovannini G., Cotton W. D., Feretti L., Lara L., Venturi T., 2001, ApJ, 552,
508
Godfrey L. E. H., Shabala S. S., 2016, MNRAS, 456, 1172
Go´mez P. L., Pinkney J., Burns J. O., Wang Q., Owen F. N., Voges W., 1997,
ApJ, 474, 580
Hardcastle M. J., Krause M. G. H., 2013, MNRAS, 430, 174
Hardcastle M. J., Krause M. G. H., 2014, MNRAS, 443, 1482
Hardcastle M. J., Worrall D. M., 2000, MNRAS, 319, 562
Hardcastle M. J., et al., 2019, A&A, 622, A12
Ineson J., Croston J. H., Hardcastle M. J., Mingo B., 2017, MNRAS, 467,
1586
Jetha N. N., Hardcastle M. J., Sakelliou I., 2006, MNRAS, 368, 609
Jones P. A., 1990, Proceedings of the Astronomical Society of Australia, 8,
254
Ker L. M., Best P. N., Rigby E. E., Ro¨ttgering H. J. A., Gendre M. A., 2012,
MNRAS, 420, 2644
Laing R. A., Parma P., de Ruiter H. R., Fanti R., 1999, MNRAS, 306, 513
Lukic V., Bru¨ggen M., Mingo B., Croston J. H., Kasieczka G., Best P. N.,
2019, MNRAS, 487, 1729
Machalski J., Jamrozy M., Stawarz Ł., Wez˙gowiec M., 2016, A&A, 595,
MNRAS 000, 1–19 (2019)
18 M.D. Smith. & J. Donohoe
LB Index LB Index
(a) (b)
LB Index LB Index
(c) (d)
Figure 16. Effects on classification due to increase in Gaussian smoothing (to simulate redshift) for the 20◦ precessing jet with jet density 0.1 of the ambient
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maximum expansion distance from source with 5% hotspot cut off, (c) peak radio emission, (d) total radio emission.
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Figure 17. Mach number. Comparisons of increasing Mach number with 1◦precession (left panel) and 20◦precession (right panel). The Mach number runs
from M=2 (ea), M=4 (fa), M=6 (ba), M=8 (ga), M=12 (ha), M=24 (ia) to M=48 (ja) with similar notation from ee to je for the precessing run. This highlights
the source to hotspot distance.
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Figure 18. The LBI Index versus time for the M=6 (left panel) and M=2 (middle panel) simulations of jets essentially straight (1◦ precession) with a set of
viewing angles, and the precessing M=2 jet with precessing angle of 1◦ (ea), 10◦ (ed) and 20◦ (ee) with a fixed viewing angle of 30◦ (right panel).
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Table 1. Breakdown of simulation names and main parameters used in this paper. Boundary legend where the jet travels left to right, left
top
bottom
right, r:
reflextive, o: outflow and os: outflow with an added staggered grid around the main resolution.
File Name Boundary Density Ratio Mach Precession pi180 (rad) Comments
Resolution 75x75x75
zaa r
o
o
o 0.1 6 1
Resolution 150x150x150
ba o
o
o
o 0.1 6 1
bb o
o
o
o 0.01 6 1
bc o
o
o
o 0.001 6 1
bd o
o
o
o 0.1 6 10
bg o
o
o
o 0.1 6 20
bm o
o
o
o 0.0001 6 1
bn o
o
o
o 0.0001 6 10
bo o
o
o
o 0.0001 6 20
zbm r
o
o
o 0.0001 6 1
zbn r
o
o
o 0.0001 6 10
zbo r
o
o
o 0.0001 6 20
zba r
o
o
o 0.1 6 1
zbd r
o
o
o 0.1 6 10
zbg r
o
o
o 0.1 6 20
ea o
o
o
o 0.1 2 1
ee o
o
o
o 0.1 2 20
fa o
o
o
o 0.1 4 1
fe o
o
o
o 0.1 4 20
ga o
o
o
o 0.1 8 1
ge o
o
o
o 0.1 8 20
ha o
o
o
o 0.1 12 1
he o
o
o
o 0.1 12 20
ia o
o
o
o 0.1 24 1
ie o
o
o
o 0.1 24 20
ja o
o
o
o 0.1 48 1
je o
o
o
o 0.1 48 20
Resolution 225x225x225
zca r
o
o
o 0.1 6 1
Resolution 300x300x300
zda r
o
o
o 0.1 6 1
zdas r
os
os
os 0.1 6 1
zdgs r
os
os
os 0.1 6 20
zdgs 3 r
os
os
os 0.1 6 20 2x precession rate
zdgs 4 r
os
os
os 0.1 6 20 4x precession rate
zdos 2 r
os
os
os 0.1 6 20 2x precession rate
zdos 3 r
os
os
os 0.1 6 20 4x precession rate
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